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Tyrosine kinase receptors are essential in regulating important cellular processes such as migration, survival, proliferation, and differentiation.[1](#anie201803394-bib-0001){ref-type="ref"} The ErbB family of tyrosine kinase receptors is over‐expressed in a variety of cancers and consist of four members: EGFR, HER2, HER3, and HER4.[2](#anie201803394-bib-0002){ref-type="ref"} Controlling the EGFR pathway is one of the main approaches for targeted cancer therapy because of the overexpression of EGFR, which in turns stimulates tumorigenesis by modulating cellular proliferation, angiogenesis, and metastasis.

Non‐small cell lung cancer (NSCLC) patients harboring EGFR mutations (L858R) initially respond to first‐generation tyrosine kinase inhibitors (TKIs). Despite the impressive initial response to treatment, disease progression happens after an average of one year of the therapy. This is driven by a second point mutation in EGFR (T790M) in approximately 60 % of cases.[3](#anie201803394-bib-0003){ref-type="ref"}, [4](#anie201803394-bib-0004){ref-type="ref"}, [5](#anie201803394-bib-0005){ref-type="ref"} The T790M EGFR mutation, which mediates resistance to first‐generation TKIs by acting as a "gatekeeper" mutation, induces steric hindrance in the adenosine triphosphate binding pocket, thus preventing inhibitor binding.[4](#anie201803394-bib-0004){ref-type="ref"}, [6](#anie201803394-bib-0006){ref-type="ref"}

Neratinib (Nerlynx), a second‐generation TKI with dual specificity against EGFR and HER2, was found to be effective despite the T790M resistance mutation in EGFR and binds irreversibly to EGFR and HER2.[7](#anie201803394-bib-0007){ref-type="ref"}, [8](#anie201803394-bib-0008){ref-type="ref"} Neratinib was approved last year by the U.S. Food and Drug Administration for treatment of early‐stage HER2‐positive breast cancer.[9](#anie201803394-bib-0009){ref-type="ref"} However, little is known about the intracellular distribution and metabolism of neratinib.[10](#anie201803394-bib-0010){ref-type="ref"} The organelle distribution and the transportation of TKIs are also poorly understood. Drug distribution in cells is frequently performed using fluorescent‐labeled drug molecules, which are tested for their pharmacological efficacy. Despite the molecular specificity provided by fluorescence molecules, they are often much larger than the drug molecules of interest and can significantly alter the drug pharmaceutical activity. In contrast, confocal Raman microscopy is a label‐free imaging method that is suitable to visualize small molecules in cells.[11](#anie201803394-bib-0011){ref-type="ref"}, [12](#anie201803394-bib-0012){ref-type="ref"}, [13](#anie201803394-bib-0013){ref-type="ref"}, [14](#anie201803394-bib-0014){ref-type="ref"} However, the Raman sensitivity is limited and higher concentrations (2 m[m]{.smallcaps}--100 μ[m]{.smallcaps}) of molecules were used in earlier studies to achieve suitable signal to noise ratios.[11](#anie201803394-bib-0011){ref-type="ref"}, [12](#anie201803394-bib-0012){ref-type="ref"}, [13](#anie201803394-bib-0013){ref-type="ref"}, [15](#anie201803394-bib-0015){ref-type="ref"}, [16](#anie201803394-bib-0016){ref-type="ref"}, [17](#anie201803394-bib-0017){ref-type="ref"}

Here, we follow the uptake, intracellular spatial distribution, and metabolism of neratinib at significantly lower concentrations (0.5--10 μ[m]{.smallcaps}) within different cancer cells using label‐free Raman microspectroscopy, therefore achieving a closer approximation of the clinical application levels. HER2‐positive breast cancer cells (SK‐BR‐3) and NSCLC cells with (NCI‐H1975) and without (Calu‐3) T790M EGFR mutations were used. Two neratinib metabolites were detected in cells. A combination of Raman microscopy, density functional theory (DFT) calculations, and liquid chromatography--mass spectrometry (LC‐MS) was used to identify the chemical structure of neratinib metabolites.

The Raman spectrum of neratinib and its chemical structure are shown in Figure S1. Neratinib has a strong C≡N stretching vibration band at 2208 cm^−1^. This band is located in the "Raman silent" region of cells (1800--2800 cm^−1^) and can be used as a label‐free marker to visualize the drug in cells. Figure [1](#anie201803394-fig-0001){ref-type="fig"} A depicts an integrated Raman intensity image of the band at 1425--1470 cm^−1^ (C−H deformation) of SK‐BR‐3 cells treated with neratinib, reflecting the different densities of various native cellular components as well as neratinib. Clearly noticeable is the nucleus surrounded by the cytoplasm. Panel B displays an integrated Raman intensity image in the 2200--2225 cm^−1^ region, representing neratinib. Panel C shows an overlay of the Panels A and B, indicating that neratinib is distributed in the cell. To confirm that neratinib is localized within the cell but not precipitated on the cell surface, we performed cross‐section Raman imaging along the *x*--*z* axis of the same cell as shown in Panels E--G. These images clearly demonstrate that neratinib is internalized within the cell. Similar results were obtained for NSCLC NCI‐H1975 and Calu‐3 cells (Figures S2 and S3).

![Raman imaging of SK‐BR‐3 cells treated with 5 μ[m]{.smallcaps} neratinib for 8 h. Raman images reconstructed from the C−H deformation (A) and C≡N stretching (B) intensities. C) Overlay of Panels A and B. E--G) Cross‐section Raman images of the same cell measured along the *x*--*z* axis. Scanning positions are indicated by the white line in Panel A. D,H) HCA results based on the Raman data shown in Panels A and E.](ANIE-57-7250-g001){#anie201803394-fig-0001}

A combination of Raman microspectroscopy and multivariate analyses was used to show different cellular components.[11](#anie201803394-bib-0011){ref-type="ref"}, [18](#anie201803394-bib-0018){ref-type="ref"}, [19](#anie201803394-bib-0019){ref-type="ref"}, [20](#anie201803394-bib-0020){ref-type="ref"} We have calculated the hierarchical cluster analysis (HCA) of Raman datasets of cells from several replicates (Figures S2--S6) and also for cells treated with different neratinib concentrations (Figures S7--S9). The HCA index‐color image (Figure [1](#anie201803394-fig-0001){ref-type="fig"} D) reproduces the position of the nucleus (Figure S10) as well as several regions within the cytoplasm. The red and blue clusters in the HCA image (Figure [1](#anie201803394-fig-0001){ref-type="fig"} D) also reproduce the localization of neratinib in the cell shown in Figure [1](#anie201803394-fig-0001){ref-type="fig"} B.

Figure [2](#anie201803394-fig-0002){ref-type="fig"} displays the Raman average spectra of the red (b) and blue (c) clusters of Figure [1](#anie201803394-fig-0001){ref-type="fig"} D in addition to the spectra of free neratinib (a) and SK‐BR‐3 cells (control, d). The average spectra of neratinib in cells (b,c) display features similar to those of the free neratinib spectrum (a), including the characteristic signal of the C≡N group. Thus, these results indicate that Raman microscopy coupled with HCA can be used to calculate the Raman spectra of neratinib in cells. Furthermore, the 2208 cm^−1^ band can be used as a label‐free marker band to monitor neratinib distribution in cells.

![a) Raman spectrum of free neratinib. The average Raman spectra of drug regions within the cell of the red (b) and blue (c) clusters in Figure [1](#anie201803394-fig-0001){ref-type="fig"} D are shown. d) Raman spectrum of untreated SK‐BR‐3 cells (control). The insets show enlarged spectra around the characteristic 1386 and 2208 cm^−1^ bands.](ANIE-57-7250-g002){#anie201803394-fig-0002}

The application of label‐free Raman microscopy to monitor the distribution of drugs in cells is not limited to molecules with a label‐free marker in the Raman silent region of cells (1800--2800 cm^−1^). Small‐molecule TKIs usually have strong and sharp Raman bands in the fingerprint region that can also be used to monitor drug distribution in cells.[21](#anie201803394-bib-0021){ref-type="ref"} Neratinib has a strong Raman band at 1386 cm^−1^ (Figure [2](#anie201803394-fig-0002){ref-type="fig"} a) that can also be used and is even superior as a label‐free marker for neratinib in cells (Figure S11). Furthermore, similar Raman measurements were performed in which NCI‐H1975 cells were treated with 0.5 μ[m]{.smallcaps} (250 ng mL^−1^) neratinib (Figure S12). This concentration is 200‐ and 4000‐fold lower than the concentrations used for the Raman imaging of erlotinib[11](#anie201803394-bib-0011){ref-type="ref"} and another antitumor drug candidate,[13](#anie201803394-bib-0013){ref-type="ref"} respectively, in colon cancer cells. It is not only one of the lowest concentrations of drugs in cancer cells detected by Raman microscopy, but it is also close to the detected neratinib concentration in the plasma of human patients (5.8--143.3 ng mL^−1^), after treatment with single oral doses.[22](#anie201803394-bib-0022){ref-type="ref"}, [23](#anie201803394-bib-0023){ref-type="ref"}, [24](#anie201803394-bib-0024){ref-type="ref"}

The Raman spectrum of cells (Figure [2](#anie201803394-fig-0002){ref-type="fig"} d) shows bands at ca. 1657 (amide I), ca. 1450 (C−H and CH~2~ bending deformation), ca. 1200--1400 (amide III of the peptide linkages), and ca. 1000 cm^−1^ (ring‐breathing mode of phenylalanine).[25](#anie201803394-bib-0025){ref-type="ref"} These bands were also observed in the spectra of the neratinib‐containing clusters in cells (b,c), implying that cells contribute partially to these spectra. In addition, the Raman spectra (b,c) of neratinib localized in cells are similar to that of free neratinib (spectrum a). However, the C≡N band at 2208 cm^−1^ in the spectrum of free neratinib (a) is upshifted to 2217 cm^−1^ in both spectra (b,c) of neratinib in cells. The band at 1386 cm^−1^ in spectrum (a) is also upshifted to 1399 cm^−1^ in spectrum (b), while a doublet at 1402/1388 cm^−1^ appeared in spectrum (c). It should be noted that the 1402 cm^−1^ band does not exist in the spectra of free neratinib (a) and control (d). These changes in spectra (b) and (c) suggest that the structure of neratinib is altered due to metabolism but not as a result of the environmental effect of, for instance, lipids (Figures S13 and S14).

The Raman spectra of neratinib precursors and DFT calculations (Figure S15) suggest that the band at 1386 cm^−1^ of free neratinib originates mainly from its quinoline ring (C−C stretching and C−H bending). Since the 1386 cm^−1^ and 2208 cm^−1^ (C≡N, conjugated to the quinoline ring) bands of free neratinib experience significant wavenumber shifts in cells, the quinoline ring of neratinib is most likely altered in the metabolites of neratinib. Similar results were observed for NSCLC cells with and without T790M EGFR mutation (Figures S2 and S3). Furthermore, the Raman spectra of these metabolites contain a contribution from parent neratinib (Figure S16). The presence of parent neratinib alongside with metabolites in cells was confirmed by LC‐MS. Thus, we have observed the intracellular distribution of parent neratinib in addition to two metabolites in different cancer cells for the first time in a label‐free manner.

The Raman intensity of the C≡N band near 2208 cm^−1^ of neratinib displays a linear correlation with the drug concentration (Figure S17). Thus, the total concentration of neratinib and its metabolites localized within different cancer cells can be quantitatively estimated based on the calibration curve of neratinib solutions (2--15 m[m]{.smallcaps}). The calculated neratinib concentrations within cancer cells are 6.2--9.6(±1.0--1.2) m[m]{.smallcaps}, which are 1200--1900(±200--240) fold higher than the extracellular neratinib concentration (5 μ[m]{.smallcaps}). These high intracellular neratinib concentrations account for the strong neratinib Raman signals in different cancer cells.

Neratinib targets EGFR and HER2[8](#anie201803394-bib-0008){ref-type="ref"} and it is important to monitor the distribution not only of neratinib in cells but also of these receptors as well as of lysosomes. Neratinib is a weak base that can be protonated in an acidic environment, and lysosomes are most likely sites for neratinib accumulation.[26](#anie201803394-bib-0026){ref-type="ref"} The distribution of neratinib in three replicates of different cells was detected through Raman spectral imaging, while that of the lysosome, EGFR, and HER2 in the same cells was monitored through fluorescence microscopy (Figure [3](#anie201803394-fig-0003){ref-type="fig"} and Figures S18--S28). Figure [3](#anie201803394-fig-0003){ref-type="fig"} A displays only HCA clusters of neratinib metabolites taken from the index‐color image of Raman results (Figure [1](#anie201803394-fig-0001){ref-type="fig"} D). The red and pink (instead of blue) clusters represent M1 and M2 metabolites, respectively. Figure [3](#anie201803394-fig-0003){ref-type="fig"} B displays the distribution of lysosomes (green) surrounding the nucleus (blue) in the cell.

![A) HCA of neratinib‐containing clusters in the cell, B) fluorescence image of the same cell that shows lysosomes (green) surrounding the nucleus (blue), and C) overlay (yellow and white) of Panels A and B. D) Fluorescence image of the same cell that shows EGFR (red) and HER2 (green) distribution around the nucleus. The overlay (yellow) of Panel B with EGFR (red) and HER2 (red) is shown in Panels E and F, respectively.](ANIE-57-7250-g003){#anie201803394-fig-0003}

The overlay (Panel C) of Panels A and B indicates that most of the drug is accumulated in the lysosomes (yellow and white). It is suggested that a weakly basic drug induces a marked increase in lysosomal biogenesis, leading to a remarkable increase in lysosomes size and number, and finally drug accumulation within the lysosomes.[26](#anie201803394-bib-0026){ref-type="ref"} Similar results were obtained here, where neratinib also induces an increase in the lysosomal biogenesis compared to the control (Figure S29). Figure [3](#anie201803394-fig-0003){ref-type="fig"} D shows the fluorescence imaging of nucleus (blue), EGFR (red), and HER2 (green). In the absence of neratinib, most of EGFR and HER2 is associated with the cell surface and in the cytoplasm (Figure S30), while neratinib treatment enhances the cytoplasmic accumulation of EGFR and HER2 (Figure [3](#anie201803394-fig-0003){ref-type="fig"} D and Figures S18--S28). These results suggest that neratinib induces an internalization of both EGFR and HER2. Panels E and F are the overlay images of lysosomes with EGFR and HER2, respectively. Some of these receptors are colocalized with lysosomes. It is reported that the internalized HER2 in SK‐BR‐3 cells treated with neratinib follows the classical endosome lysosomal pathway for degradation.[27](#anie201803394-bib-0027){ref-type="ref"} Thus, the present results suggest that both EGFR and HER2 undergo neratinib‐induced endocytosis.

Neratinib possesses an α,β‐unsaturated carbonyl moiety (acrylamide group) which forms a covalent bond with Cys797 of EGFR and with Cys805 of HER2[7](#anie201803394-bib-0007){ref-type="ref"}, [8](#anie201803394-bib-0008){ref-type="ref"} through a Michael addition reaction. Neratinib also retains electrophilic reactivity to the Cys residue of glutathione (GSH) by forming a GSH adduct.[28](#anie201803394-bib-0028){ref-type="ref"} We investigated the chemical reactivity of neratinib with GSH (Figure S31). A new Raman band assigned to the C--S stretching[29](#anie201803394-bib-0029){ref-type="ref"} vibration appeared at 673 cm^−1^, produced as a result of the formation of a covalent bond between the acrylamide moiety of neratinib and a Cys of GSH. This band was not detected in the Raman spectra of neratinib in cells, implying that the majority of the detected parent neratinib and its metabolites in cells are not covalently bound to EGFR or HER2.

The LC‐MS results of cells treated with neratinib indicated the presence of parent neratinib (*M*=556.2) and three major metabolites I (*M*=449.1), II (*M*=433.1), and III (*M*=461.1). Their possible structures are shown in Scheme [1](#anie201803394-fig-5001){ref-type="fig"}. The identified metabolites do not carry the dimethylamino acrylamide moiety which would bind the Cys residue of EGFR or HER2. In addition, the intracellular concentration of neratinib is most likely much higher than that of EGFR and HER2, so that the fraction of covalently bound neratinib is at a very low concentration that may not be monitored within the detection limits of Raman microscopy. Thus, both Raman and LC‐MS results demonstrate that the detected neratinib metabolites in cells are not bound covalently to EGFR or HER2 proteins and are inactive. These results suggest that Raman microscopy has a potential for the measurement of the physiochemical properties of drug candidates at an early stage of drug discovery and development. These measurements are essential for reducing the present high attrition rates of novel drug candidates.[30](#anie201803394-bib-0030){ref-type="ref"} The application of imaging modalities to drug discovery has a perspective to speed up preclinical medicinal chemistry optimisation cycles and enhance an in vitro to in vivo translation of drug candidates.[31](#anie201803394-bib-0031){ref-type="ref"}, [32](#anie201803394-bib-0032){ref-type="ref"}

![Neratinib and its metabolite candidates with the respective monoisotopic masses (g mol^−1^).](ANIE-57-7250-g004){#anie201803394-fig-5001}

Furthermore, the neratinib metabolites identified by LC‐MS experienced hydroxylation, N‐oxidation, and dealkylation of the quinoline ring (Table S1 and Figures S32--S35). These structural changes may be induced by the cytochrome P450 enzyme (CYP450) superfamily, which is involved in most of the metabolic pathway.[33](#anie201803394-bib-0033){ref-type="ref"}, [34](#anie201803394-bib-0034){ref-type="ref"} It has been reported that neratinib is metabolized by the CYP450 isoform 3A4,[24](#anie201803394-bib-0024){ref-type="ref"} which is expressed in SK‐BR‐3, NCI‐H1975, and Calu‐3 cells.[35](#anie201803394-bib-0035){ref-type="ref"}

In order to correlate the metabolites detected by Raman microspectroscopy (M1 and M2) with those identified by LC‐MS, we performed DFT calculations (Table [1](#anie201803394-tbl-0001){ref-type="table"} and Figure S36) for all metabolite candidates (Scheme [1](#anie201803394-fig-5001){ref-type="fig"}). The data show good agreement between the calculated Raman bands (ca. 1386 and 2208 cm^−1^) of metabolites I and IIb/IIIb identified by LC‐MS with M1 and M2 detected by Raman microspectroscopy, respectively. Therefore, we suggest that the Raman spectrum of M1 (Figure [2](#anie201803394-fig-0002){ref-type="fig"} b) originates from metabolites I, while metabolites IIb and/or IIIb contribute to the Raman spectrum of M2 (Figure [2](#anie201803394-fig-0002){ref-type="fig"} c).

###### 

The experimental and DFT calculated Raman wavenumbers of characteristic bands of neratinib and its metabolites.

  Compound           Wavenumber \[cm^−1^\]                
  ------------------ ----------------------- ------------ ------------
  Raman: neratinib   1386                    --           2208
  M1                 1399 (+13)              --           2217 (+9)
  M2                 1388 (+2)               1402 (+16)   2217 (+9)
  DFT: neratinib     1381                    --           2238
  metabolite I       1395 (+14)              --           2252 (+14)
  metabolite IIa     1364 (−17)              --           2244 (+6)
  metabolite IIb     1383 (+2)               1395 (+14)   2244 (+6)
  metabolite IIc     1378 (−3)               --           2251 (+13)
  metabolite IIIa    1369 (−12)              --           2244 (+6)
  metabolite IIIb    1382 (+1)               1401 (+20)   2243 (+5)
  metabolite IIIc    1365 (−16)              1373 (−8)    2250 (+12)
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In conclusion, an intracellular spatial distribution of neratinib metabolites was monitored using label‐free Raman microspectroscopy. Most of the neratinib metabolites accumulated in lysosomes. Both EGFR and HER2 undergo neratinib‐induced endocytosis. New metabolites of neratinib were detected in breast cancer and NSCLC cells. A combination of Raman microspectroscopy, DFT calculations, and LC‐MS was used to identify the chemical structure of neratinib metabolites. These results show the potential of the Raman technique for pharmacokinetics assessment of drugs in cells.
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